Ca 2+ -and Mg 2+ -dependent endonucleases have been implicated in DNA fragmentation during apoptosis. We have demonstrated that particular nucleases of this type are inhibited by poly(ADP-ribosyl)ation and suggested that subsequent cleavage of PARP by caspase-3 might release these nucleases from poly(ADP-ribosyl)ationinduced inhibition. Hence, we purified and partially sequenced such a nuclease isolated from bovine seminal plasma and identified human, rat and mouse homologs of this enzyme. The extent of sequence homology among these nucleases indicates that these four proteins are orthologous members of the family of DNase I-related enzymes. We demonstrate that the activation of the human homolog previously specified as DNAS1L3 can induce Ca 2+ -and Mg 2+ -dependent DNA fragmentation in vitro and in vivo. RT-PCR analysis failed to detect DNAS1L3 mRNA in HeLa cells and nuclei isolated from these cells did not exhibit internucleosomal DNA fragmentation when incubated in the presence of Ca 2+ and Mg 2+ . However, nuclei isolated from HeLa cells that had been stably transfected with DNAS1L3 cDNA underwent such DNA fragmentation in the presence of both ions. The Ca 2+ ionophore ionomycin also induced internucleosomal DNA degradation in transfected but not in control HeLa cells. Transverse alternating field electrophoresis revealed that in nuclei from transfected HeLa cells, but not in those from control cells, DNA was cleaved into fragments of >1000 kb in the presence of Mg 2+ ; addition of Ca 2+ in the presence of Mg 2+ resulted in processing of the >1000 kb fragments into 50 kb and oligonucleosomal fragments. These results demonstrate that DNAS1L3 is necessary for Ca 2+ -and Mg 2+ -dependent cleavage of DNA into both oligonucleosomal and high molecular mass fragments in specific cell types.
INTRODUCTION
Apoptosis mediates various physiologic and pathologic processes. The characteristic features of apoptotic cells include plasma membrane blebbing, a reduction in cell volume and nuclear condensation and fragmentation accompanied by cleavage of genomic DNA (1) (2) (3) .
The long-term aim of our work is to examine a role for poly(ADP-ribosyl)ation in regulation of endonuclease activity during apoptosis. We have recently shown a requirement for an early and transient poly(ADP-ribosyl)ation of nuclear proteins prior to commitment to death in cells undergoing apoptosis (4) . Our observations suggested that subsequent cleavage of poly(ADP-ribose) polymerase (PARP) by caspase-3-like proteases might release certain nuclear proteins from poly(ADPribosyl)ation-induced inhibition, which might be required for apoptotic DNA fragmentation and cell death (4) .
Several nucleases have been proposed as being responsible for mediating apoptotic DNA fragmentation. These include caspaseactivated DNases DFF40/CAD (5-9) and NUC70 (10), divalent cation-dependent neutral endonucleases (2,3), acidic endonucleases (11, 12) and leukemic endo-exonucleases (13) . Among them, Ca 2+ /Mg 2+ -dependent endonucleases have often been implicated in apoptotic DNA fragmentation (14) (15) (16) (17) (18) (19) (20) (21) . Their activity was found to be increased by a variety of stimuli that induce apoptosis (14, 15) . Treatments that prevent apoptosis in some models also prevent the induction of endonuclease activity (15) .
Results of our previous studies clearly demonstrated that activity of chromatin-bound Ca 2+ /Mg 2+ -dependent endonucleases from rat liver and thymus was inhibited by poly(ADP-ribosyl)ation (19, (22) (23) (24) . Thus, cleavage of PARP during apoptosis may lead to activation of Ca 2+ /Mg 2+ -dependent nucleases required for DNA fragmentation. In this study, we attempted to identify and clone a candidate Ca 2+ /Mg 2+ -dependent endonuclease and examine its DNA fragmentation activity.
While searching for a rich tissue source of Ca 2+ /Mg 2+ -endonuclease, we found that this enzyme was most abundant in bovine seminal plasma. The purified bovine nuclease possesses properties identical to characterized chromatin-bound Ca 2+ /Mg 2+ -dependent endonucleases from bovine thymus, human placenta and bovine, rat and mouse liver. In addition, all these enzymes were inhibited by poly(ADP-ribosyl)ation in the presence of PARP, NAD + , Mg 2+ and DNA (19, (22) (23) (24) . Hence, we determined the partial amino acid sequence of the purified bovine endonuclease and identified its human, rat and mouse homologs. Sequence *To whom correspondence should be addressed. Tel: +1 202 687 1718; Fax: +1 202 687 7186; Email: smulson@bc.georgetown.edu analysis revealed substantial homology of this enzyme to human DNAS1L3 (25) , rat DNase γ (26) and mouse liver and spleenspecific DNase (LSD) (27) . Homology analysis indicates that these four proteins are orthologous members of the family of DNase Irelated endonucleases. Expression of the recombinant DNAS1L3 in HeLa S3 cells followed by the analysis of Ca 2+ -and Mg 2+ -dependent DNA fragmentation demonstrated that this nuclease contributed to cleavage of DNA into both oligonucleosomal and high molecular mass fragments.
MATERIALS AND METHODS

Protein purification and microsequencing
Purification of the Ca 2+ /Mg 2+ -dependent endonuclease from bovine seminal plasma has been described previously (19) . The amino acid sequences of seven peptides derived from the purified protein were determined with a gas phase Porton/Beckman sequencer and on-line high performance liquid chromatography at the Protein Microsequencing Facility of the University of California at Los Angeles.
In vitro DNA fragmentation assay
Nuclei from rat liver and cerebellum were prepared as previously described (28) . In brief, minced tissue was homogenized with a Dounce homogenizer in a solution containing 15 mM PIPESNaOH (pH 7.4), 80 mM KCl, 15 mM NaCl, 5 mM EDTA, 1 mM dithiothreitol, 0.5 mM spermidine, 0.2 mM spermine, 1 mM phenylmethylsulfonyl fluoride and 250 mM sucrose. The homogenate was filtered through four layers of cheesecloth, after which an equal volume of homogenization buffer containing 2.3 M sucrose was added to the filtrate. The resulting mixture was layered over 10 ml of homogenization buffer containing 2.3 M sucrose in a Beckman SW28 centrifuge tube and then centrifuged at 22 000 r.p.m. for 90 min at 4_C. The resulting pellet was resuspended in homogenization buffer containing 50% (v/v) glycerol at a concentration of 3-7 10 7 nuclei/ml and stored at -85_C (29) . HeLa cell nuclei were also isolated essentially as described previously (30) .
The reaction mixture for the DNA fragmentation assay contained 25 mM Tris-HCl (pH 7.4), 150 mM KCl, 5 mM MgCl 2 , various concentrations of CaCl 2 (31) and 5 10 5 nuclei in a final volume of 60 µl. The reaction was performed at 37_C for 1 h, after which DNA was isolated from the nuclei as described (32) . Nuclei were lysed in 300 µl of 7 M guanidine hydrochloride and the lysates were mixed with 1 ml of Wizard Miniprep DNA Purification Resin (Promega) and drawn by vacuum through a Wizard Minicolumn (Promega). The column was washed with 3 ml of washing solution and dried by centrifugation over a microfuge tube at 10 000 g for 2 min. DNA was eluted from the column by adding 50 µl of Tris-EDTA buffer (pH 8.0) and centrifugation over a new microfuge tube. Residual RNA was removed from the eluate by addition of 1 µg of RNase A and incubation at 42_C for 30 min. DNA was analyzed by electrophoresis in a 1.5% agarose gel in the presence of ethidium bromide (0.5 µg/ml).
Reverse transcription (RT)-PCR
The abundance of mRNAs encoding various nucleases was examined by RT-PCR as previously described (32) . In brief, total cellular RNA was isolated by acidic phenol extraction (33) and treated with DNase I. RT was performed with 10 µg of total RNA in a 20 µl reaction mixture and one-tenth of the resulting cDNA was amplified by PCR. PCR primers were as follows (sense and antisense, respectively): DNase γ, 5′-AAGACGATGGAAGGCA-GAGAAT-3′ and 5′-CAGAGTGGACAGTGAAAACAGC-3′; rat histone 4G, 5′-ATGTCTGGACGAGGGAAAGGCGGCA-3′ and 5′-CCGTGACCGTCTTGCGCTTGGCGTG-3′; human DNase I, 5′-ACAGCATTCTCGTCATCTCT-3′ and 5′-ACTTCAGCATC-ACCTCCACT-3′; DNAS1L1, 5′-AGCCTGGATTCCTGGGG-TGT-3′ and 5′-GTAGGGGGACGCTCAGGCAG-3′; DNAS1L2, 5′-CCCGCAGCAGCACAGAACCT-3′ and 5′-TCCAGCCCG-TCCCACAGATG-3′; DNAS1L3, 5′-GTTCCAATCTCCCCA-CACTG-3′ and 5′-GTCCTCTAAGCACAATCCTG-3′; human glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 5′-TCT-GCCCCCTCTGCTGATGC-3′ and 5′-CCACCACCCTGTTG-CTGTAG-3′. Amplification was performed for 30 cycles of denaturation for 30 s at 94_C, annealing for 15 s at 55_C and primer extension for 60 s at 72_C. The amplification products were analyzed by electrophoresis in 2% agarose gels and staining with ethidium bromide. The identity of specific PCR products was confirmed by subcloning in the pCR2.1 TA cloning vector (Invitrogen) and sequencing of the inserts by the chain termination reaction.
Transverse alternating field electrophoresis (TAFE)
Isolated nuclei (2 10 6 ) were washed once with ice-cold phosphate-buffered saline, resuspended in 100 µl of lysis buffer (100 mM EDTA pH 8.0, 20 mM NaCl, 10 mM Tris, pH 8.0), mixed with 150 µl of agarose solution (1% agarose in lysis buffer, kept at 42_C) and poured into a plug mold. After solidification, plugs were incubated twice for 24 h each in 5 vol of lysis buffer supplemented with 1 mg/ml proteinase K and 1% sodium lauroyl sarcosinate at 50_C. Plugs were then incubated for at least 24 h in 100 vol of Tris-EDTA buffer pH 7.4, at 4_C with at least two changes of buffer and then stored at 4_C until usage. DNA was subjected to TAFE in 1% agarose in 1× TAFE buffer (20× TAFE: 0.2 M Tris, 7.8 mM EDTA and 0.5% glacial acetic acid) at 170 V for 30 min with 4 s pulses followed by 150 V for 18 h with 35 s pulses. This program allowed for resolution of DNA molecules up to 1000 kb. λ DNA ladders (50-1000 kb) were used as standards. DNA fragments were visualized by staining with ethidium bromide.
RESULTS
Microsequencing of bovine seminal plasma Ca 2+ /Mg 2+ -dependent endonuclease and sequence analysis
Microsequencing of the purified 36 kDa endonuclease from bovine seminal plasma yielded informative sequences for seven distinct peptide fragments (Fig. 1) . With the use of the TBLASTN 2.0.5 program (34), we searched all non-redundant peptide sequence databases (nt) for sequences homologous to the determined amino acid sequences. All seven sequenced peptides were highly homologous (76-100% sequence identity) to human DNAS1L3 (25) , rat DNase γ (35) and mouse LSD (27; Table 1 ). The sequences of these four proteins are aligned in Figure 1 . Human DNAS1L3 is 84% identical (92% similar) to rat DNase γ and 81% identical (90% similar) to mouse LSD; mouse LSD is 91% identical (94% similar) to rat DNase γ. The extent of sequence homology among these four nucleases is substantially greater than that among other members of the family of DNase Ilike enzymes (data not shown), indicating that they represent species-specific versions of the same protein.
Positions of BSP-CME peptides based on the rat DNase γ sequence. Human DNAS1L3 and rat DNase γ are expressed in a tissue-specific manner and found in cell nuclei (25, 27, 35) . These nucleases are particularly abundant in liver. Rat liver nuclei exhibit apoptotic DNA fragmentation when incubated in the presence of Ca 2+ and Mg 2+ (31, 36, 37) . We therefore suggested that DNase γ could be involved in this process and compared DNA fragmentation between rat liver nuclei and that in nuclei isolated from rat cerebellum. We have chosen rat cerebellar nuclei as a potential negative control since neither Ca 2+ /Mg 2+ -dependent DNA fragmentation nor expression of DNase γ have been reported for these nuclei.
Nuclei were incubated in the presence of 5 mM MgCl 2 and various concentrations of CaCl 2 . The extent of DNA fragmentation was estimated qualitatively by agarose gel electrophoresis. In liver nuclei, the extent of DNA fragmentation was dependent on Ca 2+ concentration and was maximal in the presence of 2.5 mM CaCl 2 ( Fig. 2A) . At this Ca 2+ concentration, condensation and fragmentation of chromatin, similar to that usually observed during apoptosis in various cell types, was also apparent in the liver nuclei (Fig. 2B) . In contrast, nuclei isolated from rat cerebellum did not exhibit DNA fragmentation ( Fig. 2A) or chromatin condensation (Fig. 2B) at any of the Ca 2+ concentrations (0-10 mM) examined.
Failure of cerebellar nuclei to exhibit DNA fragmentation could have been attributable either to the absence of a Ca 2+ /Mg 2+ -dependent endonuclease or to inhibition of such a nuclease. To distinguish between these possibilities, we prepared a protein extract from rat liver nuclei and investigated its effect on DNA fragmentation in cerebellar nuclei in the presence of 5 mM MgCl 2 and 2.5 mM CaCl 2 . The liver nuclear proteins induced internucleosomal DNA fragmentation in cerebellar nuclei in a dose-dependent manner. The control treatment of cerebellar nuclei with liver nuclear extracts in the absence of Ca 2+ did not produce DNA fragmentation (Fig. 2C ). These observations suggested that the original failure of cerebellar nuclei to undergo DNA fragmentation was due to the absence of a Ca 2+ /Mg 2+ -dependent nuclease capable of catalyzing this reaction.
To investigate the possibility that DNase γ was necessary for the Ca 2+ -and Mg 2+ -dependent fragmentation of DNA in rat liver nuclei, we compared the abundance of DNase γ mRNA between rat cerebellum and liver by RT-PCR analysis with specific primers. Transcripts encoding rat somatic histone 4G served as an internal control for RT-PCR in these experiments. Analysis of cDNA amplification products after 30 cycles of PCR clearly (A) Analysis of Ca 2+ /Mg 2+ -dependent internucleosomal DNA fragmentation in nuclei isolated from rat cerebellum and liver. Liver and cerebellar nuclei were incubated for 1 h at 37_C in the presence of 5 mM MgCl 2 and the indicated concentrations of CaCl 2 . DNA was then isolated and analyzed by electrophoresis in a 1.5% agarose gel in the presence of ethidium bromide (0.5 µg/ml). A 1 kb DNA ladder (Gibco BRL) was used for calibration of molecular size. (B) Analysis of Ca 2+ /Mg 2+ -dependent chromatin condensation in nuclei from rat cerebellum and liver. Portions of the nuclear incubation mixtures containing 2.5 mM CaCl 2 from (A) were centrifuged in a microfuge at 10 000 r.p.m. for 2 min and the nuclei in the resulting pellets were resuspended in fixation solution (4% formaldehyde in phosphate-buffered saline) and stained with Hoechst 33342 (Molecular Probes). The nuclei were then examined with a Nikon Eclipse TE200 fluorescence microscope and photographed with a Sony DKC5000 digital camera. (Original magnification 60×). (C) Effect of liver nuclear extract on Ca 2+ /Mg 2+ -dependent DNA fragmentation in cerebellar nuclei. Nuclei (28 × 10 7 ) isolated from rat liver were suspended in 200 µl of ice-cold assay buffer (25 mM Tris-HCl, pH 7.4, 150 mM KCl, 5 mM MgCl 2 ). During mixing of the resulting suspension, 35 µl of 2 M KCl were slowly added. The suspension was maintained on ice for 30 min and then centrifuged at 16 000 g for 10 min. The protein concentration (average ∼10 mg/ml) of the resulting supernatant was determined with the Bradford assay (Bio-Rad). After the addition of glycerol to a concentration of 50% (v/v), the nuclear protein extract was stored at -80_C. The DNA cleavage activity of the indicated amounts of liver nuclear extract (NE) was analyzed by incubation of rat cerebellar nuclei for 1 h at 37_C with 5 mM Mg 2+ in the absence or presence of 2.5 mM Ca 2+ . DNA was then isolated and analyzed as described in the legend to (A). (D) RT-PCR analysis of DNase γ mRNA abundance in rat liver and cerebellum. Total RNA from rat liver (lane 1) or cerebellum (lane 2) was subjected to RT and PCR with primers specific for rat DNase γ or rat histone 4G (control). PCR products were analyzed by agarose gel electrophoresis and staining with ethidium bromide. demonstrated the presence of DNase γ mRNA in rat liver and its absence from rat cerebellum (Fig. 2D) ; histone 4G cDNA was amplified from both tissues to similar extents. These results thus supported the hypothesis that DNase γ was the enzyme necessary for Ca 2+ -and Mg 2+ -dependent cleavage of DNA in rat liver nuclei. However, the possibility that DNase γ was simply co-expressed with another Ca 2+ /Mg 2+ -dependent nuclease that catalyzed the DNA fragmentation in liver nuclei could not be excluded.
Effect of DNAS1L3 expression on internucleosomal DNA fragmentation in HeLa cells
We next investigated the role of the human ortholog (DNAS1L3) of rat DNase γ directly by expressing the recombinant protein in HeLa S3 cells. RT-PCR analysis of the abundance of mRNAs encoding various members of the DNase I-like protein family in HeLa S3 cells revealed that these cells did not contain detectable DNAS1L3 or DNAS1L1 mRNA, but that they did contain both DNase I and DNAS1L2 mRNA (Fig. 3A) . Selection of primers and PCR conditions optimal for amplification of DNAS1L1 and DNAS1L3 cDNA was based on results of preliminary experiments using human liver and skeletal muscle QUICK-Clone cDNA templates (Clontech Laboratories; data not shown). HeLa S3 cells were transfected with the pCR3.1 mammalian expression vector containing DNAS1L3 cDNA. Stable transfectants were pooled after selection for 2 weeks in the presence of G418 and nuclei were isolated from the transfected and control (mock-transfected) cells and assayed for DNA fragmentation in the presence or absence of Ca 2+ and Mg 2+ . Whereas nuclei from the control cells did not express Ca 2+ /Mg 2+ -dependent DNA cleavage activity, those from the cells transfected with the DNAS1L3 vector exhibited extensive internucleosomal DNA fragmentation in the presence of both Ca 2+ and Mg 2+ but not in the presence of Mg 2+ alone (Fig. 3B) . Analysis of nuclear morphology also showed that nuclei from cells expressing DNAS1L3, but not control nuclei, exhibited chromatin fragmentation in the presence of both Ca 2+ and Mg 2+ ions (Fig. 3C) .
The extent of internucleosomal DNA fragmentation was also examined in vivo after incubation of intact DNAS1L3-transfected and control HeLa S3 cells in the absence or presence of the Ca 2+ ionophore ionomycin (1 µM). Incubation with ionomycin for 24 h in serum-free medium induced internucleosomal DNA fragmentation in cells expressing DNAS1L3 but not in control cells (Fig. 4) ; the presence of serum in the culture medium inhibited ionomycin-induced DNA fragmentation (data not shown). At present, we do not have an explanation for this effect of serum and will examine it in our future studies.
Role of DNAS1L3 in cleavage of DNA into high molecular mass fragments
With nuclei isolated from control and DNAS1L3-expressing HeLa S3 cells, we also analyzed the Ca 2+ -and Mg 2+ -dependent formation of high molecular mass DNA fragments by TAFE. TAFE did not detect such large DNA fragments in control nuclei after incubation in the absence or presence of Ca 2+ or Mg 2+ (Fig. 5) . Nuclei from transfected cells did not demonstrate cleavage of DNA on incubation in the presence of 2.5 mM Ca 2+ alone. However, incubation of these nuclei in the presence of 5 mM Mg 2+ alone resulted in the formation of >1000 kb DNA fragments; the additional presence of Ca 2+ led to a dose-dependent processing of the >1000 kb molecules into 50 kb and oligonucleosomal DNA fragments ( Fig. 5; also Fig. 2A ).
DISCUSSION
It has been suggested that the endonuclease responsible for internucleosomal fragmentation of DNA during apoptosis belongs to the family of DNase I-like enzymes (20, 26, 36, 38) . In humans, four members of the DNase I family have been identified and cloned: DNase I (39) and its three homologs DNAS1L1, DNAS1L2 and DNAS1L3 (25, (40) (41) (42) . These human enzymes are expressed in a tissue-specific manner. Thus, DNase I is expressed in the pancreas, parotid gland and kidney, whereas DNAS1L1 is most abundant in heart and skeletal muscle. Northern analysis revealed that DNAS1L3 mRNA is present in liver, kidney and thymus, whereas DNAS1L2 mRNA was detected in brain by RT-PCR. Comparison of the predicted amino acid sequences of DNAS1L1, DNAS1L2 and DNAS1L3 with that of DNase I suggests that the DNAS1L proteins are not glycosylated and do not bind actin, however, catalytic as well as Ca 2+ -and DNA-binding residues are conserved among and potentially cleavable signal peptides are present in all four proteins. DNAS1L3 differs from the other three proteins by possessing a nuclear localization signal at its C-terminus (25, 43) .
One of us previously contributed to the identification and purification of the bovine Ca 2+ /Mg 2+ -dependent nuclease as well as to the demonstration that the activity of this nuclease was inhibited by poly(ADP-ribosyl)ation (22) . In the present study, we obtained a partial amino acid sequence of this nuclease and thereby demonstrated its high homology to human DNAS1L3, rat DNase γ and mouse LSD. The observation that the sequence similarity among these four proteins was markedly greater than that among other members of the DNase I-like protein family (25, 43) suggests that the four nucleases represent the same protein from different species.
We next examined the role of this DNase in Ca 2+ -and Mg 2+ -dependent cleavage of chromatin in various model systems. Consistent with the tissue-specific expression pattern of DNAS1L3, DNase γ and mouse LSD as well as with the results of previous studies (44), we showed that nuclei from rat liver, but not those from rat cerebellum, exhibited both internucleosomal DNA fragmentation and apoptotic morphology in the presence of both Ca 2+ and Mg 2+ . The lack of Ca 2+ -and Mg 2+ -dependent DNA cleavage in cerebellar nuclei was consistent with our RT-PCR data showing the apparent absence of DNase γ mRNA in rat cerebellum. When incubated in the presence of a liver nuclear protein extract, cerebellar nuclei demonstrated Ca 2+ -and Mg 2+ -dependent internucleosomal DNA fragmentation similar to that observed in liver nuclei. These results thus suggested that DNase γ contributes to the Ca 2+ -and Mg 2+ -dependent internucleosomal DNA cleavage previously observed in nuclei from liver and thymocytes (31, 37) .
We further tested this hypothesis by transfecting HeLa S3 cells with a vector encoding DNAS1L3, the human ortholog of DNase γ, and analyzing DNA fragmentation both in vitro and in vivo. We showed by RT-PCR analysis that these cells do not normally contain mRNAs encoding either DNAS1L3 or DNAS1L1, although they do contain transcripts corresponding to DNase I and DNAS1L2. Under normal culture conditions, the viability of HeLa S3 cells stably transfected with the DNAS1L3 vector was similar to that of control cells (data not shown). Nuclei from the transfected cells, but not those from control cells, exhibited marked Ca 2+ -and Mg 2+ -dependent internucleosomal DNA fragmentation. These results demonstrated a nuclear localization and activity of DNAS1L3 and suggested that this nuclease is necessary for the Ca 2+ -and Mg 2+ -dependent collapse of chromatin in this model. DNAS1L3 and its rat and mouse variants have been localized to liver and other tissues, including thymus and spleen (27, 35, 38) . The pattern of DNA cleavage in nuclei isolated from these other tissues and its Ca 2+ and Mg 2+ dependence are similar to those observed with liver nuclei (1,2,45) . Therefore, DNAS1L3 may participate in this process in tissues that express this nuclease.
A major argument against a role for Ca 2+ /Mg 2+ -dependent endonucleases in intact cells concerns the physiological relevance of the requirement of these enzymes for Ca 2+ in the millimolar concentration range (46) . To investigate whether it was possible to activate DNAS1L3 in intact cells by increasing the intracellular Ca 2+ concentration, we treated control and transfected HeLa S3 cells with 1 µM ionomycin. Incubation with this Ca 2+ ionophore induced extensive internucleosomal DNA fragmentation in the DNAS1L3-expressing cells but not in the control cells. These data further supported a role for DNAS1L3 in internucleosomal DNA fragmentation and suggested that the enzyme can be activated by an increase in the intracellular Ca 2+ concentration in intact cells.
Fragmentation of DNA during apoptosis is thought to occur by a multistep process. At early stages, the chromatin is cleaved into large fragments of 50 to >1000 kb. Such fragmentation is considered essential for apoptosis to proceed (36, 45, (47) (48) (49) . Later stages of the death program are often associated with internucleosomal DNA cleavage, which is characterized by a ladder-like appearance of the resulting fragments on electrophoretic gels. However, such DNA fragmentation does not occur in all cell types and its inhibition does not protect cells from death (50) . The ion dependence of the formation of large DNA fragments also differs from that of internucleosomal DNA cleavage and distinct endonucleases have been suggested to be responsible for these two types of DNA fragmentation (45, 49) .
We have now shown that DNAS1L3 is necessary for DNA cleavage into both high molecular mass and oligonucleosomal fragments. However, the type of cleavage observed depended on the ionic composition of the medium. When incubated with Mg 2+ alone, but not with Ca 2+ , nuclei expressing this nuclease exhibited cleavage of DNA into >1000 kb fragments. This observation is consistent with the previous report that the formation of large DNA fragments was dependent on the presence of Mg 2+ but not on Ca 2+ (45) .
We showed that the presence of Ca 2+ in addition to Mg 2+ induced subsequent processing of the >1000 kb DNA fragments into ∼50 kb and oligonucleosomal fragments in a dose-dependent manner. This result is also consistent with the previous observation that internucleosomal DNA fragmentation was apparent after the genome had already been cleaved into ∼50 kb fragments (45, 51) . The multilevel organization of chromatin structure has been proposed to determine the stepwise process of genome degradation, with different large DNA fragments being derived from different higher order chromatin structures (51, 52) .
Taken together, our results suggest that DNAS1L3 participates in both Ca 2+ -and Mg 2+ -dependent oligonucleosomal DNA fragmentation as well as the initial cleavage of DNA into high molecular mass fragments in certain cell types. Given that the activity of the bovine homolog of DNAS1L3 and chromatinbound Ca 2+ /Mg 2+ -dependent endonucleases from rat and mouse liver is regulated by poly(ADP-ribosyl)ation, the potential regulation of this apoptotic endonuclease activity by PARP warrants further investigation.
